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A method for trans-myocardial revascularization of the heart of a patient includes positioning an active electrode surface (82) in 
close proximity to a target site on the wall of a patient's heart, and applying high frequency voltage between the active voltage surface 
(82) and a return electrode (56) to ablate tissue at the heart wall. The high frequency voltage ablates. i.e„ volumetrically removes the 
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towards the epicardium. In either case, the channels formed through the myocardium promote direct communication between blood within 
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SYSTEMS AND METHODS FOR 
ELECTRO SURGICAL MYOCARDIAL 
REVASCULARIZATION 

BACKGROUND OF THE INVENTION 



1 . Field of the Invention 

The present invention relates generally to the field 
of electrosurgery and, more particularly, to surgical devices 
and methods that employ high frequency energy to cut and 
ablate heart tissue for increasing the flow of blood to a 
patient's heart. 

Coronary artery disease, the build up of 
atherosclerotic plaque on the inner walls of the coronary 
arteries, causes the narrowing or complete closure of these 
arteries resulting in insufficient blood flow tc the heart. A 
number of approaches have been developed for treating coronary 
artery disease. In less severe cases, it is often sufficient 
to treat the s yx.pt oms with pharmaceuticals and lifestyle 
modification to lesser the underlying causes cf the disease. 
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In more severe cases a coronary artery blockage can often be 
treated using endovascular techniques, such as balloon 
angioplasty, a laser recanalization, placement of stents, and 
the like. 

In cases where pharmaceutical treatment and 
endovascular approaches have failed or are likely to fail, it 
is often necessary to perform a coronary artery bypass graft 
procedure using open or thoracoscopic surgical methods. For 
example, many patients still require bypass surgery due to 
such conditions as the presence of extremely diffuse stenotic 
lesions, the presence of total occlusions and the presence of 
stenotic lesions in extremely tortuous vessels. However, some 
patients are too sick to successfully undergo bypass surgery. 
For other patients, previous endovascular and/or bypass 
surgery attempts have failed to provide adequate 
revascularization of the heart muscle. 

The present invention is particularly concerned with 
an alternative to the above procedures, which is known as 
laser myocardial revascularization (LMR) . LMR is a recent 
procedure developed with the recognition that myocardial 
circulation occurs through arterioluminal channels and 
myocardial sinusoids in the heart wall, as well as through the 
coronary arteries. In LMR procedures, artificial channels are 
formed in the myocardium with laser energy to provide blood 
flow to ischemic heart muscles by utilizing the heart's 
ability to perfuse itself from these artificial channels 
through the arterioluminal channels and myocardial sinusoids. 
In one such procedure, a C0 2 laser is utilized to vaporize 
tissue and produce channels in the heart wall from the 
epicardium through the endocardium to promote direct 
communication between blood within the ventricular cavity and 
that of existing myocardial vasculature. The laser energy is 
typically transmitted from the laser to the epicardium by an 
articulated arm device. Recently, a percutaneous method of 
LMR has been developed in which an elongated flexible lasing 
apparatus is attached to a catheter and guided endoluminally 
into the patient's heart. The inner wall of the heart is 
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irradiated with laser energy to form a channel from the 
endocardium into the myocardium for a desired distance. 

While recent techniques in LMR have been promising, 
they also suffer from a number of drawbacks inherent with 
laser technology. One such drawback is that the laser energy - 
must be sufficiently concentrated to form channels through the 
heart tissue, which reduces the diameter of the channels 
formed by LMR. In addition, free beam lasers generally must 
completely form each artificial lumen or revascularizing 
channel during the still or quiescent period of the heart 
beat. Otherwise, the laser beam will damage surrounding 
portions of the heart as the heart beats and thus moves 
relative to the laser beam. Consequently, the surgeon must 
typically form the channel in less than about 0.08 seconds, 
which requires a relatively large amount of energy. This 
further reduces the size of the channels that may be formed 
with a given amount of laser energy. Applicant has found that 
the diameter or minimum lateral dimension of these artificial 
channels may have an effect on their ability to remain open. 
Thus, the relatively small diameter channels formed by 
existing LMR procedures (typically on the order of about 1 mm 
or less) may begin to close after a brief period of time, 
which reduces the blood flow to the heart tissue. 

Another drawback with current LMR techniques is that 
it is difficult to precisely control the location and depth of 
the channels formed by lasers. For example, the speed in 
which the revascularizing channels are formed often makes it 
difficult to determine when a given channel has pierced the 
opposite side of the heart wall. In addition, the distance in 
which the laser beam extends into the heart is difficult to 
control, which can lead to laser irradiation with heating or 
vaporization of blood or heart tissue within the ventricular 
cavity. For example, when using the LMR technique in a 
pericardial approach (i.e., from outside surface of the heart 
to inside surface), the laser beam may not only pierce through 
the entire wall of the heart but may also irradiate blood 
within the heart cavity. As a result, one or more blood 
thromboses or clots may be formed which can lead to vascular 
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blockages elsewhere in the circulatory system. Alternatively, 
when using the LMR technique in an endocardial approach (i.e., 
from the inside surface of the heart toward the outside 
surface), the laser beam may not only pierce the entire wall 
of the heart but may also irradiate and damage tissue 
surrounding the outer boundary of the heart. 

2 . Description of the Background Art 

Devices incorporating radio frequency electrodes for 
use in electrosurgical and electrocautery techniques are 
described in Rand et al . (1985) J. Arthro. Surg. 1:242-246 and 
U.S. Patent Nos. 5,281,216; 4,943,290; 4,936,301; 4,593,691; 
4,228,800; and 4,202,337. U.S. Patent Nos. 4,943,290 and 
4,036,301 describe methods for injecting non-conducting liquid 
over the tip of a monopolar electrosurgical electrode to 
electrically isolate the electrode, while energized, from a 
surrounding electrically conducting irrigant. U.S. Patent 
Nos. 5,195,959 and 4,674,499 describe monopolar and bipolar 
electrosurgical devices, respectively, that include a conduit 
for irrigating the surgical site. 

U.S. Patent Nos. 5,380,316, 4,658,817, 5,389,096, 
PCT Application No. WO 94/14383, European Patent Application 
No. 0 515 867, and Articles "Transmyocardio Laser 
Revascularization", Mirhoseini et al., Journal of Clinical 
Laser Medicine & Surgery Vol. 11, No. 1:15-19 (1993); "New 
Concepts in Revascularization of the Myocardium", Mirhoseini, 
et al., The Annuals of Thoracic Surgery Society of Thoracic 
Surgeons , Vol. 45, No. 4:415-420 (1988); "Transmyocardial 
Acupuncture", Sen, et al. Journal of Thoracic and 
Cardiovascular Surgery , Vol. 50, No. 2:181-189 (1965); 
"Transmural Channels Can Protect Ischemic Tissue", Whittaker, 
et al * Circulation , Vol. 93, No. 1:143-152 (1996!; "Regional 
myocardial blood flow and cardiac mechanics in dog hearts with 
CO : laser-induced intramyocardial revascularization", Hardy, 
et al., Basic Res. Cardiol , 85:179-196 (1990); "Treatment of 
Acute Myocardial Infarction by Transmural Blood Supply From 
the Ventricular Cavity", Walter, et al., Europ. Surg. Res. , 
130-138 (1971); "Revascularization of the Heart by Laser", 
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Mirhoseini and Clayton, Journal of Microsurgery , 2:253-260 

(1981) ; "Transventricular Revascularization by Laser", 
Mirhoseini, et. al., Lasers in Surgery and Medicine , 2:187-198 

(1982) describe methods and apparatus for percutaneous 

5 myocardial revascularization. These methods and apparatus 
involve directing laser energy against the heart tissue to 
form transverse channels through the myocardium to increase 
blood flow from the ventricular cavity to the myocardium. 

10 SUMMARY OF THE INVENTION 

The present invention provides systems, apparatus 
and methods for selectively applying electrical energy to 
structures within or on the surface of a patient's body. The 
present invention allows the surgical team to perform 

15 electrosurgicai interventions, such as ablation and cutting of 
body structures, while limiting the depth of necrosis and 
limiting damage to tissue adjacent the treatment site. The 
systems, apparatus and methods of the present invention are 
particularly useful for canalizing or boring channels or holes 

20 through tissue, such as the ventricular wall of the heart 
during transmyocardial revascularization procedures. 

In a method according to the present invention, an 
active electrode surface is positioned in close proximity to a 
target site on the wall of a patient's heart, and high 

25 frequency voltage is applied between the active voltage 

surface and a return electrode to ablate tissue at the heart 
wall. The high frequency voltage ablates, i.e. volumetricaily 
removes the heart tissue, and the electrode surface is axially 
translated into the space vacated by the removed tissue to 

30 bore a channel through the heart tissue. The active electrode 
surface may be introduced into the thoracic cavity and placed 
adjacent the outer heart wall or epicardium to form an inward 
channel toward the ventricular cavity, or it may be delivered 
into the ventricular cavity of the heart and positioned 

35 adjacent the inner heart wall or endocardium to form a channel 
extending outward towards the epicardium. In either case, the 
channels formed through the heart wall promote direct 
communication between blood within the ventricular cavity and 
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that of existing myocardial vasculature to increase blood flow 
to the heart tissue. 

One of the advantages of the present invention, 
particularly over previous methods involving lasers, is that 
the surgeon can more precisely control the location, depth and 
diameter of the revascularizing channels formed in the heart 
tissue. For example, the active electrode surface remains in 
contact with the heart wall as the high frequency voltage 
ablates the heart tissue (or at least substantially close to 
the heart wall, e.g., usually on the order of about 0.1 to 2.0 
mm and preferably about 0.1 to 1.0 mm). This preserves 
tactile sense and allows the surgeon to more accurately 
determine when to terminate cutting of a given channel so as 
to minimize damage to surrounding tissues and/or minimize 
bleeding into the thoracic cavity. In addition, axially 
translating the active electrode through the heart wall allows 
the surgeon to form the channel at a slower pace than 
conventional LMR because the channel does not have to be 
completely formed during the quiescent or diastolic period of 
the heart. Since the active electrode array generally directs 
tissue ablating energy only about 0.1 to 3.0 mm in front of 
the electrode array (and preferably only about 0.1 to 2.0 mm 
in front of the electrode array) , this relatively slow 
ablation pace allows the surgeon to more accurately control 
the channel depth. 

In one embodiment, an electrosurgical probe having 
one or more electrodes on its distal end is delivered into the 
thoracic cavity exterior to the heart wall. The probe may be 
delivered directly through a median thoracotomy or through an 
intercostal percutaneous penetration, such as a cannula or 
trocar sleeve in the chest wall between two adjacent ribs. 
The electrode or electrode array is then positioned in close 
proximity to the epicardium in the region of the heart to be 
canalized, and a high frequency voltage is applied between the 
electrode or electrode array and a return electrode to form 
artificial channels through the heart tissue. The return 
electrode may be integral with the probe. By way of example, 
the return electrode may be located on the perimeter of the 
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probe shaft proximal to the ablating (active) electrode or 
electrode array. In another embodiment, two or more 
electrodes of opposite polarity may be positioned at the 
distal end of the electrosurgical probe to effect ablation of 
5 the wall of the heart. Alternatively, the return electrode 
may be positioned on another instrument that is, for example, 
delivered through the same or another intercostal trocar 
sleeve. The probe is axially translated through the 
artificial channel provided by the trocar sleeve as the active 
10 electrode ablates tissue to maintain contact with the heart 

wall and to facilitate precise control of the procedure by the 
surgeon . 

In another embodiment, the electrode array is 
introduced through a percutaneous penetration in the patient 

15 and axially translated through one of the major arterial 

vessels to the left ventricular cavity. In this embodiment, 
the electrode or electrode array may form a distal portion of 
an electrosurgical catheter and may be guided through a 
conventional or specialized guide catheter. The electrode 

20 array is then positioned adjacent the endocardium and axially 
translated outward to form one or more channels through the 
myocardium. The surgeon may control the depth of the channels 
by axially translating the catheter through the heart wall, 
and terminating the electrical energy to the active array when 

25 the channel has reached the desired depth. The channels may 
be formed completely through the myocardium to the outer 
surface of the epicardium, or the surgeon may terminate the 
electrical energy prior to penetrating the outer surface of 
the epicardium to prevent blood from flowing into the thoracic 

30 cavity. 

The control of the depth of channel formed in the 
wall of the heart may be accomplished using one or a 
combination of several methods and apparatus. By way of 
example, real-time fluoroscopic visualization of the heart in 
35 combination with radiopaque markers on the electrosurgical 
catheter may be used by the surgeon to control the depth of 
the channel and terminate ablation before penetrating through 
the outer surface of the heart wall. Alternatively, 
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ultrasound methods may be incorporated within the 
electrosurgical catheter or guide tube to determine the 
thickness of the heart wall adjacent to the distal probe tip 
and allow the surgeon to pre-set the depth of each channel 
before energizing the probe and ablating the heart tissue. 
Also, ultrasound methods may be incorporated within the 
electrosurgical catheter to continuously detect the distance 
of the electrode or electrode array from the outer surface of 
the heart and to interrupt the voltage applied to the ablating 
electrode (s) in order to stop the forward advance of the 
catheter at a predetermined distance from the outer surface of 
the heart. In yet another embodiment, the electrosurgical 
catheter includes a small diameter tissue electrical impedance 
measurement sensor (e.g., 0.1 to 0.5 mm diameter) which 
extends distal to the tissue ablating electrode or electrode 
array (e.g., 1 to 10 mm). This impedance measurement sensor 
detects the outer surface of the heart as it penetrates 
through the tissue and enters a region of different electrical 
impedance (i.e., the fluid-filled cavity surrounding the 
heart) . 

In another aspect of the present invention, radially 
expandable luminal protheses, such as stents and stent-graf ts , 
are implanted in one or more of the revascularizing channels 
after the channels have been formed by the electrosurgical 
instrument. The stents may be implanted immediately after the 
channels have been formed (i.e., with the electrosurgical 
probe or catheter) , or they may be implanted after the 
channels have been formed with a separate delivery catheter. 
The stents are compressed into a narrow-diameter 
configuration, and advanced endoluminally to the target site 
in the heart tissue with a delivery catheter. The 
intraluminal prostheses will typically comprise a resilient, 
radially compressible, tubular frame having a proximal end, a 
distal end, and an axial lumen therebetween. The tubular 
frame includes a plurality of openings or slots that allow it 
to be expanded radially outward within the channel by 
conventional methods, such as shape memory alloys, expandable 
balloons, and the like. The stent exerts a radial force 
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against the inner channel walls to maintain patency of the 
channels, thereby increasing the blood flow from the 
ventricular cavity to the myocardium. In the case of stent- 
grafts, a porous liner, typically a fabric, polymeric sheet, 
5 membrane, or the like, will line all or most of the luminal 
surface of the tubular frame to inhibit occlusion of the 
channel through the openings in the tubular frame while 
allowing oxygenated blood to pass through the porous liner and 
into the heart tissues surrounding the channel. 

10 The apparatus according to the present invention 

comprises an electrosurgical instrument having a shaft with a 
proximal end, a distal end and one or more active electrodes 
at or near the distal end. A return electrode is disposed on 
the shaft close to the distal end and a connector extends 

15 through the shaft for electrically coupling the active return 
electrodes to a high frequency voltage source. The distal 
portion of the shaft and the active electrodes are sized for 
delivery through a trocar canalization (e.g., pericardial 
approach) or guiding catheter (e.g., endocardial approach) to 

20 ablate tissue in the heart wall to form a revascularizing 
channel through at least a portion of the heart wall. The 
return electrode may be provided integral with the shaft, or 
it may be separate from the shaft. 

The shaft may also incorporate means for delivery of 

25 electrically conductive liquid (e.g., isotonic saline) to the 
distal end of the electrosurgical instrument to provide an 
electrically conductive pathway between the one or more active 
electrodes and the return electrode. The electrosurgical 
instrument may also include an ultrasonic transducer for 

30 either measuring the thickness of the heart wall (for pre- 
setting the depth of canalization) or detecting the distance 
from the distal end of the electrosurgical instrument to the 
outer surface of the heart to interrupt the ablation of the 
heart wall (and depth of canalization) at a preselected 

35 distance from the outer surface of the heart wall using active 
feedback control within the power source. Alternatively, the 
electrosurgical instrument may include an electrical impedance 
measuring sensor for detecting the distance form the distal 
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end of the electrosurgical instrument to the outer surface of 
the heart to interrupt the ablation of the heart wall (and 
depth of canalization) at a preselected distance from the 
outer surface of the heart wall using active feedback control 
with the power source (e.g., when the measured electrical 
impedance at the tip of the sensor increases above a 
preselected level, the applied voltage is interrupted). 

In an exemplary embodiment, the instrument comprises 
an electrosurgical probe having at least a distal end 
configured for delivery through an intercostal penetration in 
the patient, such as a trocar sleeve positioned between two 
ribs. The probe preferably includes an electrode array with a 
plurality of isolated electrode terminals at its distal end. 
A return electrode is proximally recessed from the electrode 
array for applying high frequency voltage therebetween to 
ablate or bore a hole through the heart tissue. The probe may 
include a fluid channel for directing electrically conducting 
fluid to the target site to complete the current return path 
from the heart tissue to the return electrode. Alternatively, 
this path may be completed by the heart tissue on the side of 
the probe, or the blood and other fluids existing within the 
heart wall. 

In another embodiment, the electrosurgical 
instrument comprises a guide catheter having a flexible, 
steerable shaft configured for endoluminal delivery into the 
ventricular cavity. The guide catheter provides an interior 
lumen through which an electrosurgical catheter can be 
deployed percutaneously to form a channel in the wall of the 
heart. The guide catheter is first positioned on the 
endocardial surface of the heart at the site of a required 
channel. Next, the electrosurgical catheter located within 
the lumen of the guide catheter is positioned against the 
surface of the endocardium and energized while advancing to a 
preselected channel depth based on one or a combination of the 
channel depth controlling methods described above. Similar to 
the probe. embodiment, the electrosurgical catheter will 
preferably include an electrode array of isolated electrode 
terminals at it distal end, and a return electrode proximally 
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recessed from the electrode array. Alternatively, the 
electrosurgical catheter described above may be guided into 
zhe heart and into the desired position using a steerable 
catheter body which eliminates the need for a separate 
5 steerable guiding catheter. 

In an exemplary embodiment, the electrode array at 
the distal end of the probe or catheter is configured such 
that current flow from at least two of the electrode terminals 
is independently controlled based on the electrical impedance 

10 between the electrode terminal and the return electrode. Each 
individual electrode terminal in the electrode array is 
electrically connected to a power source which is isolated 
from each of the other electrodes in the array or to circuitry, 
which limits or interrupts current flow to the electrode when 

15 low resistivity material (e.g., blood or electrically 

conductive saline irrigant) causes a lower impedance path 
between the common electrode and the individual electrode 
terminal. The isolated power sources for each individual 
electrode may be separate power supply circuits having 

20 internal impedance characteristics which limit power to the 

associated electrode terminal when a low impedance return path 
is encountered, may be a single power source which is 
connected to each of the electrodes through independently 
actuatable switches or may be provided by independent current 

25 limiting elements, such as inductors, capacitors, resistors 
and/or combinations thereof, such as resonant circuits. The 
current limiting elements may be provided in the probe, 
connectors, cable, controller or along the conductive path 
from the controller to the distal tip. In addition to the 

30 control of power delivery to the electrodes to effect ablazion 
of the target tissue (e.g., heart wall) while limiting power 
delivery when low electrical resistivity material is 
encountered (e.g., blood), electrosurgical catheter (when 
employed percutaneously) may incorporate ultrasonic and/or 

35 tissue impedance measuring sensor which serve to interrupt 

power delivery when a preselected channel depth or remaining 
(uncanaiized) wail thickness is reached. 
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In another aspect of the invention, an 
electrosurgical system includes the electrosurgical probe or 
catheter as described above together with an electrosurgical 
generator and a delivery mechanism for positioning a radially 
expandable luminal prothesis into the revascularizing channels 
formed by the electrosurgical probe or catheter. The delivery 
mechanism may be integral with the electrosurgical instrument, 
or part of a separate delivery catheter. The separate 
delivery catheter usually includes an elongate flexible shaft 
structure having a proximal end and a distal end. The shaft 
structure includes a prosthesis receptacle near the distal end 
in or over which a radially compressible tubular prosthesis is 
carried during maneuvering of the shaft and prosthesis within 
an anatomical lumen. The luminal prostheses will typically 
comprise a resilient, radially compressible, tubular frame 
having a plurality of openings or slots that allow it to be 
expanded radially outward into an enlarged configuration. The 
stent exerts a radial force against the inner channel walls to 
maintain lumen patency and/or mechanically augment luminal 
wall strength, thereby maintaining the blood flow from the 
ventricular cavity to the myocardial tissue. 

In yet another aspect of the invention, an 
instrument guidance system is provided for detecting an "end 
point" for each artificial channel and/or for determining 
appropriate target sites on the heart wall for forming the 
artificial channels. The instrument guidance system will 
preferably allow a surgeon to determine when the 
electrosurgical instrument is near the other end of the heart 
wall (i.e., the outer surface of the epicardium or the inner 
surface of the endocardium) . In the case of the percutaneous 
approach in which ablation begins at the endocardium, the 
detection system indicates to the surgeon to stop axially 
translating the probe so that the probe does not form a 
channel completely through a heart wall, which limits bleeding 
and reduces damage to surrounding tissue structures located at 
or near the outer surface of the heart. In addition, the 
guidance system will preferably allow the surgeon to determine 
an appropriate target site on the heart wall to form the 
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channel to avoid accidental puncturing of relatively large 
vessels in the heart wall. The guidance system may include a 
fiberoptic viewing system or an ultrasound guidance system for 
determining the target sites, and/or current limiting 
5 circuitry that detects when the probe is adjacent blood 

vessels and/or the outer or inner edges of the heart wall. 

A further understanding of the nature and advantages 
of the invention will become apparent by reference to the 
remaining portions of the specification and drawings. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a perspective view of the electrosurgicai 
system including an electrosurgicai probe, an electrically 
15 conducting liquid supply and an electrosurgicai power supply 
constructed in accordance with the principles of the present 
invention; 

Fig. 2A is an enlarged, cross-sectional view of the 
distal tip of the electrosurgicai probe of Fig. 1; 
20 Fig. 2B is an end view of the electrosurgicai probe 

of Fig. 1; 

Fig. 2C is a cross-sectional view of the proximal 
end of the electrosurgicai probe of Fig. 2A, illustrating an 
arrangement for coupling the probe to the electrically 
25 conducting liquid supply of Fig. 1; 

Figs. 2D and 2E are cross-sectional views of the 
distal end of the electrosurgicai probe of Fig. 2A, 
illustrating one method of manufacturing the electrode 
terminals and insulating matrix of the probe; 
30 Fig. 3 is a perspective view of the distal tip of 

another electrosurgicai probe that does not incorporate a 
fluid lumen for delivering electrically conducting liquid to 
the target site; 

Fig. 4A is an enlarged, cross-sectional view of the 
35 distal tip of the electrosurgicai probe of Fig. 3 illustrating 
an electrode array; 

Fig. 4B is an end view of the distal tip of the 
electrosurgicai probe cf Fig. 3; 
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Fig. 5 is a perspective view of a catheter having a 
shaft with an electrosurgical arrangement at its distal end; 

Figs. 6-10A illustrate alternative electrode 
arrangements for the probes of Figs. 1-4 or the catheter of 
Fig. 5; 

Fig. 11 is a sectional view of the human heart, 
illustrating the electrosurgical catheter of Fig. 5 within the 
ventricular cavity for performing a transmyocardial 
revascularization procedure; 

Fig. 12 is a sectional view of the thoracic cavity, 
illustrating the electrosurgical probe of Figs. 3, 4A and 4B 
in a thoracoscopic revascularization procedure; 

Fig. 13 is a cross-sectional view of the probe of 
Figs. 3, 4A and 4B boring a channel through the myocardium; 

Fig. 14 is a cross-sectional view of the probe of 
Figs. 1 boring a channel through the myocardium; 

Fig. 15 depicts an alternative embodiment of the 
probe of Fig. 14 having an outer lumen for delivering 
electrically conductive liquid to the target site, and ah 
inner lumen for aspirating fluid and gases from the 
transmyocardial channel; 

Fig. 16 is a side view of an electrosurgical probe 
incorporating a fiberoptic viewing device and a light 
generator for sighting the probe onto a target site on the 
heart tissue; 

Fig. 17 schematically illustrates a lumenal 
prosthesis positioned in a revascularizing channel during a 
percutaneous procedure to maintain lumen patency; 

Fig. 18 is a cross-sectional view of the probe of 
Fig. 1 boring a channel into the myocardium with an ultrasound 
tissue thickness measuring device located on a guide catheter; 

Fig. 19 is a cross-sectional view of the probe of 
Fig. 1 boring a channel into the myocardium with an ultrasound 
tissue thickness measuring device located on an 
electrosurgical catheter; 

Fig. 20 is a cross-sectional view of the probe of 
Fig. 1 boring a channel into the myocardium with an electrical 
impedance sensor located on an electrosurgical catheter to 
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detect crossing through a surface of the heart at a distance 
L, distal to the electrode array; 

Fig. 21 is a schematic cross-sectional view of a 
hemostasis device for sealing artificial revascularizing 
5 channels formed by one of the electrosurgical instruments of 
the present invention; 

Fig. 22 is schematically illustrates a lumenal 
prosthesis positioned in a revascularizing channel during a 
thoracoscopic procedure to maintain lumen patency; and 
10 Fig. 23 schematically illustrates a curved 

revascularizing channel formed by one of the electrosurgical 
instruments of the present invention. 



15 DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present invention provides a system and method 
for selectively applying electrical energy to a target 
location within or on a patient's body. In particular, the 
present invention provides systems, devices and methods for 

2C increasing the blood flow to the heart by creating artificial 
channels or lumens through the myocardium of the heart. It 
will, however, be appreciated that the systems, devices and 
methods can be applied equally well to procedures involving 
other tissues of the body, as well as to other procedures 

25 including open surgery, laparoscopic surgery, thoracoscopic 
surgery, and other endoscopic surgical procedures. 

The electrosurgical instrument will comprise a shaft 
having a proximal end and a distal end which supports an 
active electrode. The shaft may assume a wide variety of 

30 configurations, with the primary purpose being to mechanically 
support one or more active electrode and permit the treating 
physician to manipulate the electrode (s) from a proximal end 
of the shaft. Usually, an electrosurgical probe shaft will be 
a narrow-diameter roc or tube, more usually having dimensions 

35 which permit it to be introduced into a body cavity, such as 
the thoracic cavity, through an associated trocar or cannula 
in a minimally invasive procedure, such as arthroscopic, 
laparoscopic, thoracoscopic, and other endoscopic procedures. 
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Thus, the probe shaft will typically have a length of at least 
5 cm for open procedures and at least 10 cm, more typically 
being 20 cm, or longer for endoscopic procedures. The probe 
shaft will typically have a diameter of at least i mm and 
frequently in the range from 1 to 10 mm. 

The electrosurgical probe may be delivered 
percutaneously (endoluminaliy) to the ventricular cavity of 
the heart by insertion through a conventional or specialized 
guide catheter, or the invention may include a catheter having 
an active electrode array integral with its distal end. The 
catheter shaft may be rigid or flexible, with flexible shafts 
optionally being combined with a generally rigid external tube 
for mechanical support. Flexible shafts may be combined with 
pull wires, shape memory actuators, and other known mechanisms 
for effecting selective deflection of the distal end of the 
shaft to facilitate positioning of the electrode or electrode 
array. The shaft will usually include a plurality of wires or 
other conductive elements running axially therethrough to 
permit connection of the electrode or electrode array and the 
return electrode to a connector at the proximal end of the 
shaft. Specific shaft designs will be described in detail in 
connection with the figures hereinafter. 

The present invention may use a single electrode or 
an electrode array distributed over a distal contact surface 
of 'the electrosurgical instrument. In both configurations, 
the circumscribed area of the electrode or electrode array 
will generally depend on the desired diameter of the 
revascularizing channel in the heart. For example, applicant 
has found that smaller diameter channels tend to remain patent 
for a shorter period of time than larger diameter channels. 
Thus, a relatively large diameter channel (on the order of 
about 1.5 to 3.0 mm) may be desired to improve lumen patency. 
The ability to select the diameter of the artificial channels 
is one of the advantages of the present invention over 
existing LMR procedures, which are typically limited by the 
concentration of light that is required to generate sufficient 
energy to ablate the tissue during the still or quiescent 
period of the heart (i.e., about 0.08 seconds). Usually, the 
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area of the electrode array is in the range from 0.25 mm 2 to 
20 mnr, preferably from 0.5 mm : to 10 mm : , and more preferably 
from about 0.5 mm 2 to 5.0 mnr. In addition, the shape of the 
array and the distal end of the instrument shaft will also 
5 depend on the desired surface area of the channel. For 

example, the ratio of the perimeter of the electrode array to 
the surface area may be maximized to increase blood flow from 
the channel to the surrounding myocardial tissue. The 
electrode or electrodes may take the form of a solid round 

10 wire or other solid cross-sectional shapes such as squares, 
rectangles, hexagons, triangles, star-shaped or the like to 
provide additional edges around the distal perimeter of the 
electrodes. Alternatively, the electrode or electrodes may be 
in the form of hollow metal tubes having a cross-sectional 

15 shape which is round, square, hexagonal, rectangular or the 
like. The envelop or effective diameter of the individual 
electrode or electrodes ranges from about 0.05 to 3 mm, 
preferably from about 0.1 to 2 mm. 

The electrode array will usually include at least 

20 two isolated electrode terminals, more usually at least four 
electrode terminals, preferably at least six electrode 
terminals, and often 50 or more electrode terminals, disposed 
over the distal contact surfaces on the shaft. By bringing 
the electrode array(s) on the contact surface(s) in close 

25 proximity with the target tissue and applying high frequency 
voltage between the array (s) and an additional common or 
return electrode in direct or indirect contact with the 
patient's body, the target tissue is selectively ablated or 
cut, permitting selective removal of portions of the target 

30 tissue while desirably minimizing the depth of necrosis to 
surrounding tissue. 

As described above, the present invention may use a 
single active electrode or an electrode array distributed over, 
a distal contact surface of an electrosurgical instrument, 

35 such as a probe, a catheter or the like. The electrode array 
usually includes a plurality of independently current-limited 
and/or power-controlled electrode terminals to apply 
electrical energy selectively to the target tissue while 
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limiting the unwanted application of electrical energy to the 
surrounding tissue and environment resulting from power 
dissipation into surrounding electrically conductive liquids, 
such as blood, normal saline, and the like. The electrode 
terminals may be independently current-limited by isolating 
the terminals from each other and connecting each terminal to 
a separate power source that is isolated from the other 
electrode terminals. Alternatively, the electrode terminals 
may be connected to each other at either the proximal or 
distal ends of the probe to form a single wire that couples to 
a power source. 

In an exemplary embodiment, each individual 
electrode terminal in the electrode array is electrically 
insulated from all other electrode terminals in the array 
within said instrument and is connected to a power source 
which is isolated from each of the other electrodes in the 
array or to circuitry which limits or interrupts current flow 
to the electrode when low resistivity material (e.g., blood or 
electrically conductive saline irrigant) causes a lower 
impedance path between the common electrode and the individual 
electrode terminal. The isolated power sources for each 
individual electrode may be separate power supply circuits 
having internal impedance characteristics which limit power to 
the associated electrode terminal when a low impedance return 
path is encountered, may be a single power source which is 
connected to each of the electrodes through independently 
actuatable switches or may be provided by independent current 
limiting elements, such as inductors, capacitors, resistors 
and/or combinations thereof. The current limiting elements 
may be provided in the probe, connectors, cable, controller or 
along the conductive path from the controller to the distal 
tip. A more complete description of a system and method for 
selectively limiting current to an array of isolated electrode 
terminals can be found in commonly assigned, co-pending 
application Serial No. 08/561,956, filed November 22, 1995 
(attorney docket No. 16238-000700), the complete disclosure of 
which has previously been incorporated herein by reference. 
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In a preferred aspect, this invention takes 
advantage of the differences in electrical resistivity between 
the target heart tissue and the surrounding conductive liquid 
(e.g., isotonic saline irrigant, blood or the like). By way 
5 of example, for any selected level of applied voltage, if the 
electrical conduction path between the common electrode and 
one of the individual electrode terminals within the electrode 
array is blood (having a relatively low electrical impedance), 
the current control means connected to the individual 

10 electrode will limit current flow so that the heating of 
intervening conductive liquid is minimized. On the other 
hand, if a portion of or all of the electrical conduction path 
between the common or return electrode and one of the 
individual electrode terminals within the electrode array is 

15 myocardial tissue (having a relatively higher electrical 

impedance) , the current control circuitry or switch connected 
to the individual electrode will allow current flow sufficient 
for the deposition of electrical energy and associated 
ablation or electrical breakdown of the target tissue in the 

20 immediate vicinity of the electrode surface. 

It should be clearly understood that the invention 
is not limited to electrically isolated electrode terminals, 
or even to a plurality of electrode terminals. For example, 
the array of active electrode terminals may be connected to a 

25 single lead that extends through the probe shaft to a power 
source of high frequency current. Alternatively, the probe 
may incorporate a single electrode that extends directly 
through the probe shaft or is connected to a single lead that 
extends to the power source, 

30 In the case of a single electrode, the invention may 

also use current limiting means to apply electrical energy 
selectively to the target tissue while limiting the unwanted 
application of electrical energy to the surrounding tissue. 
In this embodiment, the electrode may be connected to current 

35 limiting elements or to circuitry which limits or interrupts 
current flow to the electrode when low resistivity material 
(e.g., blood or electrically conductive saline irrigant) 
causes a lower impedance path between the common electrode and 
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the electrode. The current limiting elements or circuitry may 
be configured to completely interrupt or modulate current flow 
to the electrode, for example, when a certain percentage of 
the electrode surface is in contact with low resistivity 
material. In one embodiment, the current flow will be 
modulated or completely interrupted when, for example, a large 
portion of the electrode surface is exposed to fluids and, 
therefore, not in contact with the target tissue. In this 
manner, current can be selectively applied to the target 
tissue, while minimizing current flow to surrounding fluids 
and adjacent non-target tissue structures. 

In addition to the above described methods, the 
applicant has discovered another mechanism for ablating tissue 
while minimizing the depth of necrosis. This mechanism 
involves applying a high frequency voltage between the active 
electrode surface and the return electrode to develop high 
electric field intensities in the vicinity of the target 
tissue site. In this embodiment, the active electrode (s) 
include at least one active portion having a surface geometry 
configured to promote substantially high electric field 
intensities and associated current densities between the 
active portion and the target site when a high frequency 
voltage is applied to the electrodes. These high electric 
field intensities and current densities are sufficient to 
break down the tissue by processes including molecular 
dissociation or disintegration. The high frequency voltage 
imparts energy to the target site to ablate a thin layer of 
tissue without causing substantial tissue necrosis beyond the 
boundary of the thin layer of tissue ablated. This ablative 
process can be precisely controlled to effect the volumetric 
removal of tissue with minimal heating of or damage to 
surrounding or underlying tissue structures. 

In an exemplary embodiment, the high electric field 
intensities at the active portion of the active electrode (s) 
may be generated by positioning the active electrode and 
target site within an electrically conducting liquid, such as 
isotonic saline or other body fluids, such as blood, and 
applying a high frequency voltage that is sufficient to 
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vaporize the electrically conducting liquid over at least a 
portion of the active electrode in the region between the 
active portion of the active electrode and the target tissue. 
Since the vapor layer or vaporized region has a relatively 
high electrical impedance, it increases the voltage 
differential between the active electrode tip and the tissue 
and causes ionization within the vapor layer due to the 
presence of an ionizable species (e.g., sodium when isotonic 
saline is the electrically conducting fluid) . This 
ionization, under optimal conditions, induces the discharge of 
energetic electrons and photons from the vapor layer and to 
the surface of the target tissue. A more detailed description 
of this phenomena can be found in application Serial No. 
08/561,958, filed on November 22, 1995 (Attorney Docket 16238- 
000700), the complete disclosure of which has already been 
incorporated herein by reference. 

Suitable electrode surface geometries for producing 
sufficiently high electric field intensities to reach the 
threshold conditions for vapor layer formation may be obtained 
by producing sharp edges and/or corners at the active portion 
of the active electrode (s) . Alternatively, the electrode (s) 
may be specifically designed to increase the edge/surface area 
ratio of the active portion through the use of shaped wires 
{e.g., square or hexagonal wires) or tubular electrodes 
offering high electric field intensities along the inside and 
outside perimeters of the tubular electrode. Additionally or 
alternatively, the active electrode surface (s) may be modified 
through chemical, electrochemical or abrasive methods to 
create a multiplicity of surface aspirates on the electrode 
surface. Suitable electrode designs for use with the present 
invention may be found in co-pending, commonly assigned 
application Serial No. 08/687,792, filed July 19, 1996 
(Attorney Docket No. 16238-16), the complete disclosure of 
which is incorporated herein by reference. 

The voltage applied between the common electrode and 
the electrode array will be at high or radio frequency, 
typically between about 5 kHz and 20 MHz, usually being 
between about 30 kHz and 2.5 MHz, and preferably being between 
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about 50 kHz and 1 MHz . The RMS (root mean square) voltage 
applied will usually be in the range from about 5 volts to 
1000 volts, preferably being in the range from about 50 volts 
to 800 volts, and more preferably being in the range from 
about 60 volts to 500 volts. These frequencies and voltages 
will result in peak-to-peak voltages and current that are 
sufficient to vaporize the electrically conductive liquid and, 
in turn, create the conditions within the vaporized region 
which result in high electric fields and emission of energetic 
photons and/or electrons to ablate tissue. Typically, the 
peak-to-peak voltage will be in the range of 40 to 4000 volts 
and preferably in the range of 100 to 3200 volts and more 
preferably in the range of 300 to 2400 volts. 

As discussed above, the voltage is usually 
delivered in a waveform having a sufficiently high frequency 
(e.g., on the order of 5 kHz to 20 MHz) such that the voltage 
is effectively applied continuously (as compared with e.g., 
lasers claiming small depths of necrosis, which are generally 
delivered in brief pulses at a repetition rate of about 10 to 
20 Hz). Hence, the duty cycle (i.e., cumulative time in any 
one-second interval that energy is applied) is on the order of 
about 50% for the present invention, as compared with lasers 
which typically have a duty cycle of about 0.001% to 0.0001%. 

With the above voltage and current ranges, applicant 
has found that the electrosurgical instrument will usually 
bore a channel completely through the heart wall in about C.5 
to 20.0 seconds, preferably about 1.0 to 3.0 seconds, in the 
continuous mode and preferably about 10 to 15 seconds in the 
pulsed mode. It has been found that channels that are 
approximately 0.5 to 3.0 mm in diameter and approximately 1 to 
4 cm deep may be easily and efficiently formed by this method, 
and that the revascularization procedure dramatically improves 
the flow of blood to the heart muscle. 

The capability to form the desired channel over a 
longer period of time significantly reduces the amount of 
instantaneous power required to complete the channel. By way 
of example, CO, lasers used for LMR typically deliver the 
power for each channel within an elapsed time of 0.08 seconds. 
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By contrast, the present invention can be used to complete the 
canalization of the same sized channel within about 1.0 
second. As a result, the laser requires about 500 to 700 
watts to form a 1 mm diameter channel while the present 
5 invention requires 1/12 or about 42 to 58 watts to form the 
same channel. If larger channels are required, the power 
requirements increase by the square of the ratio of diameters. 
Hence, to produce a 2 mm channel in 0.08 seconds using a CO : 
iaser, the required power will be four-fold higher or 2000 to 

10 2800 watts which requires a very large and very expensive 
laser. In contrast, the present invention can form a 2 mm 
diameter channel (of the same length as above) in 1 second 
with an applied power of about 168 to 232 watts. 

Usually, the current level will be selectively 

15 limited or controlled and the voltage applied will be 

independently adjustable, frequently in response to the 
resistance of tissues and/or fluids in the pathway between an 
individual electrode and the common electrode. Also, the 
applied voltage level may be in response to a temperature 

20 control means which maintains the target tissue temperature 
with desired limits at the interface between the electrode 
arrays and the target tissue. The desired tissue temperature 
along a propagating surface just beyond the region of ablation 
will usually be in the range from about 40°C to 100°C, and 

25 more usually from about 50°C to 60°C. The tissue being 
ablated (and hence removed from the operation site) 
immediately adjacent the electrode array may reach even higher 
temperatures. A temperature sensor may be incorporated within 
the distal end of the electrosurgical device to measure a 

30 temperature indicative of the nearby tissue beyond the 
ablation boundary. 

The preferred power source of the present invention 
delivers a high frequency voltage selectable to generate 
average power levels ranging from tens of milliwatts to tens 

35 of watts per electrode, depending on the target tissue being 
ablated, the rate of ablation desired or the maximum allowed 
temperature selected for the probe tip. The power source 
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allows the user to select the voltage level according to the 
specific requirements of a particular procedure. 

The power source may be current limited or otherwise 
controlled so that undesired heating of electrically 
conductive fluids or other low electrical resistance media 
does not occur. In a presently preferred embodiment of the 
present invention, current limiting inductors are placed in 
series with each independent electrode terminal, where the 
inductance of the inductor is in the range of 10 uH to 
50,000 uH, depending on the electrical properties of the 
target tissue, the desired ablation rate and the operating 
frequency. Alternatively, capacitor-inductor (LC) circuit 
structures may be employed, as described previously in co- 
pending ?CT application No. PCT/US94/05168, the complete 
disclosure of which is incorporated herein by reference. 
Additionally, current limiting resistors may be selected. 
Preferably, these resistors will have a large positive 
temperature coefficient of resistance so that, as the current 
level begins to rise for any individual electrode in contact 
with a low resistance medium (e.g., saline irrigant) , the 
resistance of the current limiting resistor increases 
significantly, thereby minimizing the power delivery from said 
electrode into the low resistance medium (e.g., saline 
irrigant) . 

As an alternative to such passive circuit 
structures, regulated current flow to each electrode terminal 
may be provided by a multi-channel power supply. An applied 
voltage with active current sensing circuitry is provided for 
each individual electrode terminal to control current within a 
range which will limit power delivery through a low resistance 
path, e.g., isotonic saline irrigant, and would be selected by 
the user to achieve the desired rate of cutting or ablation. 
Such a multi-channel power supply thus provides a voltage 
source with controlled current limits with selectable voltage 
level in series with each electrode terminal, wherein all 
electrodes will operate at or below the same, user selectable 
maximum current level. Current flow to all electrode 
terminals could be periodically sensed and stopped if the 
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temperature measured at the surface of the electrode array 
exceeds user selected limits. Particular control system 
designs for implementing this strategy are well within the 
skill of the art. 
5 Yet another alternative involves the use of one or 

several power supplies which allow one or several electrodes 
to be simultaneously energized and which include active 
control means for limiting current levels below a preselected 
maximum level. In this arrangement, only one or several 

10 electrodes wouid be simultaneously energized for a brief 

period. Switching means would allow the next one or several 
electrodes to be energized for a brief period. By 
sequentially energizing one or several electrodes, the 
interaction between adjacent electrodes can be minimized (for 

15 the case of energizing several electrode positioned at the 
maximum possible spacing within the overall envelope of the 
electrode array) or eliminated (for the case of energizing 
only a single electrode at any one time) . As before, a 
resistance measurement means may be employed for each 

20 electrode prior to the application of power wherein a 

(measured) low resistance (below some preselected level) will 
prevent that electrode from being energized during a given 
cycle . 

It should be clearly understood that the invention 
25 is not limited to electrically isolated electrode terminals, 
or even to a plurality of electrode terminals. For example, 
the array of active electrode terminals may be connected to a 
single lead that extends through the probe shaft to a power 
source of high frequency current. Alternatively, the probe 
30 may incorporate a single electrode that extends directly 

through the probe shaft or is connected to a single lead that 
extends to the power source. 

in yet another aspect of the invention, the control 
system is "tuned" so that it will not apply excessive power to 
35 the blood (e.g., in the left ventricle), once it crosses the 
wall of the heart and enters the chamber of the left 
ventricle. This minimizes the formation of a thrombus in the 
heart (i.e., will not induce thermal coagulation of the 
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biood) . The control system may include an active or passive 
architecture, and will typically include a mechanism for 
sensing resistance between a pair(s) of active electrodes at 
the distal tip, or between one or more active electrodes and 
return electrode, to sense when the electrode array has 
entered into the blood-filled chamber of the left ventricle. 
Alternatively, current limiting means may be provided to 
prevent sufficient joulean heating in the lower resistivity 
blood to cause thermal coagulation of the blood. In another 
alternative embodiment, an ultrasound transducer at the tip o 
the probe can be used to detect the boundary between the wall 
of the heart and the blood filled left ventricle chamber, 
turning off the electrode array just as the probe crosses the 
boundary. 

Referring to the drawings in detail, wherein like 
numerals indicate like elements, an electrosurgical system 11 
is shown in Fig. 1 constructed according to the principles of 
the present invention. Electrosurgical system 11 generally 
comprises an electrosurgical instrument or probe or catheter 
10 connected to a power supply 28 for providing high frequency 
voltage to electrosurgical instrument 10 and a liquid source 
21 provided for supplying electrically conducting fluid 50 to 
probe 10. 

In an exemplary embodiment as shown in Fig. 1, 
electrosurgical probe 10 includes an elongated shaft 13 which 
may be flexible or rigid, with flexible shafts optionally 
including support cannulas or other structures (not shown) . 
It will be recognized that the probe shown in Fig. 1 will 
generally be employed in open or thoracoscopic procedures 
through intercostal penetrations in the patient. For 
endoluminal procedures into the ventricle, a delivery catheter 
200 (Figs. 6 and 11) will typically be employed, as discussed 
below. Probe 10 includes a connector 19 at its proximal end 
and an array 12 of electrode terminals 58 disposed on the 
distal tip of shaft 13. A connecting cable 34 has a handle 22 
with a connector 20 which can be removably connected to 
connector 19 of probe 10. The proximal portion of cable 31 
has a connector 26 to removably couple probe 10 to power 
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supply 28. The electrode terminals 58 are electrically 
isolated from each other and each of the terminals 58 is 
connected to an active or passive control network within power 
supply 28 by means of a plurality of individually insulated 
5 conductors 42 (see Fig. 2A) . Power supply 28 has a selection , 
means 30 to change the applied voltage level. Power supply 28 
also includes means for energizing the electrodes 58 of probe 
10 through the depression of a pedal 39 in a foot pedal 37 
positioned close to the user. The foot pedal 37 may also 

10 include a second pedal (not shown) for remotely adjusting the 
voltage level applied to electrodes 58. The specific design 
of a power supply which may be used with the electrosurgicai 
probe of the present invention is described in parent 
application PCT US 94/051168, the full disclosure of which has 

15 previously been incorporated herein by reference. 

Referring to Figs. 2A and 2B, the electrically 
isolated electrode terminals 58 are spaced-apart over an 
electrode array surface 82. The electrode array surface 82 
and individual electrode terminals 58 will usually have 

20 dimensions within the ranges set forth above. In the 

preferred embodiment, the electrode array surface 82 has a 
circular cross-sectional shape with a diameter D (Fig. 2B} in 
the range from 0.3 mm to 4 mm. Electrode array surface 82 may 
also have an oval or rectangular shape, having a length L in 

25 the range of 1 mm to 20 mm and a width W in the range from 0.3 
mm to 7 mm, as shown in Fig. 8 (discussed below). The 
individual electrode terminals 58 will protrude over the 
electrode array surface 82 by a distance (H) from 0 mm to 2 
mm, preferably from 0 mm to 1 mm (see Fig. 2A) . 

30 The electrode terminals 58 are preferably composed 

of a electrically conductive metal or alloy, such as platinum, 
titanium, tantalum, tungsten, niobium, stainless steel, and 
the like. A preferred material for terminals 58 is tungsten 
because of its known bicompatibility and resistance to erosion 

35 under the application of high voltages. As shown in Fig. 2B, 
the electrode terminals 58 are anchored in a support matrix 48 
of suitable insulating material (e.g., ceramic, glass/ceramic, 
or glass material, such as alumina, silica glass and the like) 
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which could be formed at the time of manufacture in a flat, 
hemispherical or other shape according to the requirements of 
a particular procedure. In an exemplary embodiment, the 
support matrix 48 will comprise an inorganic insulator, such 
as ceramic, glass, glass/ceramic or a high resistivity 
material, such as silicon or the like. An inorganic material 
is generally preferred for the construction of the support 
matrix 48 since organic or silicone based polymers are known 
to rapidly erode during sustained periods of the application 
of high voltages between electrode terminals 58 and the return 
electrode 56 during tissue ablation. However, for situations 
in which the total cumulative time of applied power is less 
than about one minute, organic or silicone based polymers may 
be used without significant erosion and loss of material of 
the support matrix 48 and, therefore, without significant 
reduction in ablation performance. 

As shown in Fig. 2A, the support matrix 4 8 is 
adhesively joined to support member 9, which extends most or 
all of the distance between matrix 48 and the proximal end of 
probe 10. In a particularly preferred construction 
technique, support matrix 48 comprises a plurality of glass or 
ceramic hollow tubes 400 (Fig. 2D) extending from the distal 
end of shaft 13. In this embodiment, electrode terminals 58 
are each inserted into the front end of one of the hollow 
tubes 400 and adhered to the hollow tubes 400 so that the 
terminals 58 extend distally from each hollow tube 400 by the 
desired distance, H . The terminals 58 are preferably bonded to 
the hollow tubes 400 by a sealing material 402 (e.g., epoxy) 
selected to provide effective electrical insulation, and good 
adhesion to both the hollow tubes 400 and the electrode 
terminals 58. Alternatively, hollow tubes 400 may be 
comprised of a glass having a coefficient of thermal expansion 
similar to that of electrode terminal 58 and may be sealed 
around the electrode terminal 58 by raising the temperature of 
the glass tube to its softening point according to the 
procedures commonly used to manufacture glass-to-metal seals. 
Referring to Fig. 2D, lead wires 406, such as insulation 40c 
covered copper wires, are inserted through the back end of the 
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hollow tubes 400 and coupled to the terminals 58 with a 
suitable conductive adhesive 404. The glass tube/electrode 
terminal assembly is then placed into the distal end of 
support member 9 to form the electrode array as shown in Fig. 
5 2E. Alternatively, the lead wire 406 and electrode terminal 58 
may be constructed of a single wire (e.g., stainless steel or 
nickel alloy) with insulation 408 removed over the length of 
the wire inserted into the hollow tube 400. As before, 
sealing material 402 is used to seal annular gaps between 

10 hollow tube 400 and electrode terminal 58 and to adhesively 

join electrode terminal 58 to hollow tube 400. Other features 
of construction are discussed above and shown in Fig. 2E. 

In the embodiment shown in Figs. 2A and 2B, probe 10 
includes a return electrode 56 for completing the current path 

15 between electrode terminals 58 and power supply 28. Shaft 13 
preferably comprises an electrically conducting material, 
usually metal, which is selected from the group consisting of 
stainless steel alloys, platinum or its alloys, titanium or 
its alloys, molybdenum or its alloys, and nickel or its 

20 alloys. The return electrode 56 may be composed of the same 
metal or alloy which forms the electrode terminals 58 to 
minimize any potential for corrosion or the generation of 
electrochemical potentials due to the presence of dissimilar 
metals contained within an electrically conductive fluid 50, 

25 such as isotonic saline (discussed in greater detail below) . 

As shown in Fig. 2A, 2B and 2C, return electrode 56 
extends from the proximal end of probe 10, where it is 
suitably connected to power supply 28 via connectors 19, 20, 
to a point slightly proximal of electrode array surface 82, 

30 typically about 0.5 tc 10 mm and more preferably about 1 to 10 
mm. Shaft 13 is disposed within an electrically insulative 
jacket 18, which is typically formed as one or more 
electrically insulative sheaths or coatings, such as 
polyester, polytetraf luoroethylene, polyimide, and the like. 

35 The provision of the electrically insulative jacket 18 over 
shaft 13 prevents direct electrical contact between shaft 13 
and any adjacent body structure or the surgeon. Such direct 
electrical contact between a body structure and an exposed 
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return electrode 56 could result in unwanted heating and 
necrosis of the structure at the point of contact causing 
necrosis . 

In the embodiment shown in Figs. 2A-2C, return 
5 electrode 56 is not directly connected to electrode terminals 
58. To complete this current path so that terminals 58 are 
electrically connected to return electrode 56 via target 
tissue 52, electrically conducting liquid 50 (e.g., isotonic 
saline) is caused to flow along liquid paths 83. A liquid 

10 path 83 is formed by annular gap 54 between outer return 

electrode 56 and tubular support member 78. An additional 
liquid path 83 may be formed between an optional inner lumen 
57 within an inner tubular member 59. The electrically 
conducting liquid 50 flowing through fluid paths 83 provides a 

15 pathway for electrical current flow between target tissue 52 
and return electrode 56, as illustrated by the current flux 
lines 60 in Fig. 2A. When a voltage difference is applied 
between electrode array 12 and return electrode 56, high 
electric field intensities will be generated at the distal 

20 tips of terminals 58 with current flow from array 12 through 
the target tissue to the return electrode, the high electric 
field intensities causing ablation of tissue 52 in zone 88. 

Fig. 2C illustrates the proximal or connector end 70 
of probe 10 in the embodiment of Figs. 2A and 2B. Connector 

25 19 comprises a plurality of individual connector pins 74 

positioned within a housing 72 at the proximal end 70 of probe 
10. Electrode terminals 58 and the attached insulating 
conductors 42 extend proximally to connector pins 74 in 
connector housing 72. Return electrode 56 extends into 

30 housing 72, where it bends radially outward to exit probe 10. 
As shown in Fig. 1, a liquid supply tube 15 removably couples 
liquid source 21, (e.g., a bag of electrically conductive 
fluid elevated above the surgical site or having a pumping 
device), with return electrode 56. Preferably, an insulating 

35 jacket 14 covers the exposed portions of electrode 56. One of 
the connector pins 76 is electrically connected tc return 
electrode 56 to couple electrode 56 to power supply 28 via 
cable 34. A manual control valve 17 may also be provided 
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between the proximal end of electrode 56 and supply tube 15 to 
allow the surgical team to regulate the flow of electrically 
conducting liquid 50. 

Figs. 3, 4A and 4B illustrate another preferred 
5 embodiment of the present invention. In this embodiment , the 
probe does not include a fluid channel for directing 
electrically conducting liquid to the target site. Applicant 
has found that the fluids in the patient's heart tissue, such 
as blood, usually have a sufficient amount of electrical 

10 conductivity to complete the electrical path between the 
active electrode array and the return electrodes. In 
addition, these fluids will often have the requisite 
properties discussed above for establishing a vapor layer, 
creating regions of high electric fields around the edges of 

15 electrode terminals 58 and inducing the discharge of energetic 
electrons and photons from the vapor layer to the surface of 
the target tissue to effect ablation. 

As shown in Fig. 3, electrosurgical probe 100 has a 
shaft 102 with an exposed distal end 104 and a proximal end 

20 (not shown) similar to the proximal end shown in Fig. 2C. 
Aside from exposed distal end 104, which functions as the 
return electrode in this embodiment, the entire shaft 102 is 
preferably covered with an electrically insulative jacket 106, 
which is typically formed as one or more electrically 

25 insulative sheaths or coatings, such as polyester, 

polytetraf luoroethylene, polyimide, and the like, to prevent 
direct electrical contact between shaft 102 and any adjacent 
body structure or the surgeon. Similar to the previous 
embodiment, probe 100 includes an array 108 of active 

30 electrode terminals 110 having substantially the same applied 
potential. Terminals 110 extend from the an insulating 
inorganic matrix 112 attached to distal end 104 of shaft 102. 
As discussed above, matrix 112 is only shown schematically in 
the drawings, and preferably comprises an array of glass or 

35 ceramic tubes extending from distal end 104 or is a ceramic 
spacer through which electrode terminals 110 extend. 

The electrode array may have a variety of different 
configurations other than the one shown in Figs. 3, 4A and 4B. 
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For example, as shown in Fig. 8, the distal end of the shaft 
102 and/or the insulating matrix may have a substantially 
rectangular shape with rounded corners so as to maximize the 
perimeter length to cross-sectional area ratio of the distal 
tip of the probe. As shown, electrode array surface 120 has a 
rectangular shape having a width in the range of 2 mm to 5 mm 
and a height in the range of 1 mm to 2 mm. Increasing the 
perimeter of the artificial channel may have advantages in 
revascularizing the heart because the blood flowing through 
the artificial channel will have a greater area to pass into 
the heart tissue for a given cross-sectional area. Thus, this 
configuration is a more efficient method of increasing blood 
flow within the myocardium. 

In another embodiment, the return electrode is 
positioned on the front or distal face of the probe. This 
configuration inhibits current flow within the tissue on the 
sides of probe as it forms the revascularizing channel. In 
one configuration, for example (shown in Fig. 9), the 
electrode array surface 122 includes multiple pairs of 
electrodes, with each pair of electrodes including an 
active electrode 126 and a return electrode 128. Thus, as 
shown, the high frequency current passes between the pairs 
across the distal surface 122 of the probe. In another 
configuration (shown in Fig. 10), the return or common 
electrode 130 is positioned in the center of the distal probe 
surface 132 and the active electrodes 134 are positioned at 
its perimeter. In this embodiment, the electrosurgical 
current will flow between active electrodes 134 at the 
perimeter of distal surface 132 and return electrode 130 at 
its center to form the revascularizing channel. This allows 
the surgeon to more precisely control the diameter of the 
revascularizing channel because the current will generally 
flow radially the outer electrodes 134 and the return 
electrode 130. For this reason, electrodes 134 will 
preferably be positioned on the perimeter of distal surface 
132 (i.e., further radially outward than shown in Fig. 10A) to 
avoid tearing of non-ablated heart tissue by the perimeter of 
the probe shaft. 
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Fig. 6 illustrates yet another embodiment of an 
electrosurgical probe 100* according to the present invention. 
In this embodiment, the distal tip of the probe has a conical 
shape and includes an array of active electrodes along the 
5 conical surface 140. A conical shape provides less resistance 
to the advancement of the probe through dense tissue. As 
shown in Fig. 6, insulating matrix 142 tapers in the distal 
direction to form conical distal surface 140. The electrode 
array 144 extends from distal surface 140, with each electrode 

10 terminal 146 arranged to protrude axially from the conical 

surface 140 (i.e., rather than protruding perpendicularly from 
the surface 140) . With this configuration, the electrodes 146 
do not extend radially outward from the conical surface 140, 
which reduces the risk of electric current flowing radially 

15 outward to heart tissue surrounding the revascularizing 
channel. In addition, the high electric field gradients 
generated by the electric current concentrate near the active 
electrode surfaces and taper further away from these surfaces. 
Therefore, this configuration places these high electric field 

20 gradients within the diameter of the desired channel to 

improve ablation of the channel, while minimizing ablation of 
tissue outside of the desired channel. 

Fig. 5 illustrates a preferred delivery catheter 20C 
for introducing an electrosurgical probe 202 through a 

25 percutaneous penetration in the patient, and endoluminally 
delivering probe 202 into the ventricle of the heart (this 
method described in detail below) . Catheter 200 generally 
includes a shaft 206 having a proximal end 208 and a distal 
end 210. Catheter 200 includes a handle 204 secured to 

30 proximal end 208 of shaft, and preferably a deflectable tip 

212 coupled to distal end 210 of shaft 206. Probe 202 extends 
from proximal end, preferably by a distance of about 100 to 
20C cm. Handle 204 includes a variety of actuation mechanisms 
for manipulating tip 212 within the patient's heart, such as a 

35 tip actuation slide 214 and a torque ring 216, as well as an 
electrical connector 213. Catheter shaft 206 will generally 
define one or more inner lumens 220, and one or more 
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manipulator wires and electrical connections (not 
shown) extending through the lumens to probe 202. 

With reference to Figs. 11-22, methods for 
increasing the blood flow to the heart through a 
transmyocardial revascularization procedure to form artificial 
channels through the heart wall to perfuse the myocardium will 
now be described. This procedure is an alternative to 
coronary artery bypass surgery for treating coronary artery 
disease. The channels allow oxygen enriched blood flowing 
into the ventricular cavity to directly flow into the 
myocardium rather than exiting the heart and then flowing back 
into the myocardium through the coronary arteries. 

As shown in Fig. 11, electrosurgical probe 202 is 
positioned into the left ventricular cavity 258 of the heart. 
Electrosurgical probe 202 may be introduced into the left 
ventricle 250 in a variety of procedures that are well known 
in the art, such as a percutaneous, minimally invasive 
procedures. In the representative embodiment, probe 202 is 
introduced into the vasculature of the patient through a 
percutaneous penetration 360 and axially translated via 
delivery catheter 200 through one of the major vessels, such 
as the femoral artery 346, through the aorta 254 to the left 
ventricular cavity 258. A viewing scope (not shown) may also 
be introduced through a percutaneous position to a position 
suitable for viewing the target location in the left ventricle 
258. 

Once positioned within the patient's ventricle 258, 
probe 202 is aligned with the heart wall 260 to form one or 
more artificial channels 264 for increasing blood flow to the 
myocardium 262. As shown in Fig. 14, the channels 264 will 
preferably extend from the endocardium 266 a desired distance 
through the myocardium 262 without perforating the exterior of 
the epicardium 268 to inhibit blood from flowing into the 
thoracic cavity. Preferably, the surgeon will employ a 
detection or instrument guidance system 350, (discussed below 
in reference to Figs. 16, 18, 19 and 20) on probe 202, or 
another instrument, to determine when the probe is near the 
outer surface of the epicardium 268. The location of channels 
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264 may be selected based on familiar endocardial anatomic 
landmarks. Alternatively, instrument guide system 350 may be 
used to select target sites on the heart wall, as discussed 
below. 

As shown in Fig. 14, guide catheter 200 is 
positioned adjacent the inner endocardial wall and probe 202 
is axially translated so that the active electrode 270 at its 
distal end is positioned proximate the heart tissue. In this 
embodiment, the probe 202 includes a single, annular electrode 
27C at its distal tip for ablation of the heart tissue. 
However, it will be readily recognized that the probe may 
include an array of electrode terminals as described in detail 
above. While viewing the region with an endoscope (not 
shown), voltage car. be applied from power supply 23. (see Fig. 
1) between active electrode 270 and annular return electrode 
272. The boring of channel 264 is achieved by engaging active 
electrode 270 against the heart tissue or positioning active 
electrode 270 in close proximity to the heart tissue while 
simultaneously applying voltage from power supply 28 and 
axially displacing probe 202 through channel 264. To complete 
the current path between the active and return electrodes 270, 
272, electrically conducting irrigant (e.g., isotonic saline) 
will preferably be delivered from liquid supply 21 through 
annular liquid path 274 between return electrode 272 and 
tubular shaft 200 to the target site. Alternatively, the site 
may already be submerged in liquid, or the liquid may be 
delivered through another instrument. The electrically 
conducting liquid provides a pathway for electrical current 
flew between the heart tissue and return electrode 272, as 
illustrated by the current flux lines 278 in Fig. 15. 

Fig. 15 illustrates an alternative embodiment of the 
probe of Fig. 14. In this embodiment, the probe 280 includes 
a central lumen 282 having a proximal end attached to a 
suitable vacuum source (not shown) and an open distal end 286 
for aspirating the target site. To complete the current path 
between the active electrode 270 and return electrode 272, 
electrically conducting irrigant (e.g., isotonic saline) will 
preferably be delivered from liquid supply 21 (shown in Fig. 
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1) through annular liquid path 274 between return electrode 
272 and tubular shaft 200 to the target site. The active 
electrode is preferably a single annular electrode 288 
surrounding the open distal end 286 of central lumen 282. 
Central lumen 282 is utilized to remove the ablation products 
(e.g., liquids and gases) generated at the target site and 
excess electrically conductive irrigant during the procedure. 

An alternative embodiment of the percutaneous, 
endocardial canalization approach is shown in Fig. 23. In 
this embodiment, electrosurgical catheter 100 can be guided by 
the surgeon or surgical assistant during the canalization of 
channel 264 using external handpiece 340 shown in Fig. 11. in 
this embodiment, the distal portion of the electrosurgical 
catheter 100 can be caused to follow a curved path to effect a 
curved artificial channel 264'. By forming a curved 
artificial channel 264', the total surface area of the 
artificial channel can be extended so that said channel is 
longer than the total thickness L 9 of the heart wall 260. in 
addition, by forming a curved artificial channel 264' of 
proper curvature as shown in Fig. 23, the penetration of the 
epicardium 268 can be avoided. Still further, the curved 
artificial channel 264' can be continued forming a complete 
"IT shaped channel which reenters the ventricular cavity 258 
providing one continuous channel which penetrates the 
endocardium at two locations but does not penetrate through 
the epicardium 268. 

Fig. 12 illustrates a thoracoscopic procedure for 
revascularizing the myocardium from the outer wall or 
epicardium 268 inward to the endocardium 266. At least one 
intercostal penetration is made in the patient for 
introduction of electrosurgical probe 100 {Fig. 3) into the 
thoracic cavity 302. The term "intercostal penetration" as 
used herein refers to any penetration, in the form of a small 
cut, incision, hole or cannula, trocar sleeve or the like, 
through the chest wall between two adjacent ribs which does 
not require cutting, removing, or significantly displacing or 
retracting the ribs or sternum. Usually, the intercostal 
penetration will require a puncture or incision of less than 
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about 5 cm in length. Preferably, the intercostal penetration 
will be a trocar sleeve 300 having a length in the range from 
about 2-15 cm, and an internal diameter in the range from 1 to 
15 mm, commonly known as thoracic trocars. Suitable trocar 
5 sleeves are available from United States Surgical Corp. of 

Norwalk, CT, under the brand name "Thoracoport"™. A viewing 
scope (riot shown) may also be introduced through a trocar 
sleeve to a position suitable for viewing the target location 
on the heart wall 260. A viewing scope (not shown) may also 

10 be introduced through the same or another intercostal 
penetration into the thoracic cavity 302 to a position 
suitable for viewing the target location 360 on the surface of 
the epicardium 268 of the heart. The viewing scope can be a 
conventional laparoscope or thoracoscope, which typically 

15 comprise a rigid elongated tube containing a lens system and 
an eyepiece or camera mount at the proximal end of the tube. 
A small video camera is preferably attached to the camera 
mount and connected to a video monitor to provide a video 
image of the procedure. This type of scope is commercially 

20 available from Baxter Healthcare Corporation of Deerfield, 
Illinois or United States Surgical Corporation of Norwalk, 
Connecticut . 

As shown in Fig. 13, one or more artificial channels 
264 are formed by the electrosurgical probe 100 from the outer 

25 wall or epicardium 268 through the myocardium 262 and the 

inner wall or endocardium 266 into the ventricular cavity 258. 
Similar to the above described method, electrode array 108 is 
positioned in close proximity to the heart tissue while 
simultaneously applying voltage from power supply 28 and 

30 axially displacing probe 100 through channel 264. In this 
embodiment, however, electrically conducting liquid is not 
supplied to the target site to complete the current path 
between the active electrode terminals 110 and return 
electrode 102. Applicant has found that the fluids in the 

35 patient's heart tissue, such as blood, usually have a 

sufficient amount of electrical conductivity to complete the 
electrical path between the active electrode array and the 
return electrodes. In addition, these fluids will often have 
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the requisite properties discussed above for establishing a 
vapor layer and inducing the discharge of energetic electrons 
and photons from the vapor layer to the surface of the target 
tissue as well as the creation of high electric fields to 
effect the ablation of tissue. 

To inhibit blood from flowing through channels 264 
into the thoracic cavity, the channels 264 will preferably be 
sealed at the epicardium 268 as soon as possible after they 
have been formed. One method for sealing the artificial 
channel 264 at the epicardium 268 is to insert a collagen 
hemostasis device 480 (shown in Fig. 21) using a trocar 300, a 
cannula 484 and a syringe-like delivery system 486. The 
collagen, unaffected by antiplatelet or anticoagulant agents 
that may be present in the patient's blood stream, attracts 
and activates platelets from the blood 482, rapidly forming a 
"glue"-like plug near the surface of the epicardium 268 of the 
newly formed channel 264. Suitable collagen hemostasis 
devices are available from Datascope Corporation, Montval, New 
Jersey under the brand name "VasoSeal™" . The deployment of 
the collagen hemostasis device 480 is accomplished with the 
aid of a viewing scope (not shown) which may also be 
introduced through a trocar sleeve to a position suitable for 
viewing the target location on the heart wall 260. 

To facilitate this sealing procedure, the 
electrosurgical probe 354 will preferably include a guidance 
system 350 (Fig. 16} for determining when the probe is close 
to the inner surface of the endocardium 266 so that the 
surgeon can prepare to withdraw probe 100 and seal the channel 
264. 

In both of the above embodiments, the present 
invention provides localized ablation or disintegration of 
heart tissue to form a revascularization channel 264 of 
controlled diameter and depth. Usually, the diameter will be 
in the range of 0.5 mm to 3 mm, preferably between about 1 to 
2 mm. Preferably, the radio frequency voltage will be in the 
range of 300 to 2400 volts peak-to-peak to provide controlled 
rates of tissue ablation and hemostasis while minimizing the 
depth of necrosis of tissue surrounding the desired channel. 
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This voltage will typically be applied continuously throughout 
the procedure until the desired length of the channel 264 is 
completely formed. However, the heartbeat may be monitored 
and the voltage applied in pulses that are suitably timed with 
5 the contractions (systole) of the heart. 

Ablation of the tissue may be facilitated by axially 
reciprocating and/or rotating the electrosurgical probe a 
distance of between about 1 to 5 mm. This axial reciprocation 
or rotation allows the electrically conducting liquid (Fig. 

10 14) to flow over the tissue surface being canalized, thereby 
cooling this tissue and preventing significant thermal damage 
to the surrounding tissue cells. 

Fig. 16 illustrates one representative guidance 
system 350 for guiding an electrosurgical probe 354 to target 

15 sites on the heart wall. Guidance system 350 is provided for 
detecting an "end point" for each artificial channel and/or 
for determining appropriate target sites on the heart wall for 
forming the artificial channels. The instrument guidance 
system 350 will preferably allow a surgeon to determine when 

20 the electrosurgical probe 354 (or an electrosurgical catheter) 
is near the other end of the heart wall (i.e., the outer edge 
of the epicardium or the inner edge of the endocardium) . The 
guidance system 350 indicates to the surgeon to stop axially 
translating the probe 354 so that the probe does not form a 

25 channel completely through a heart wall, which limits bleeding 
and/or reduces damage to surrounding tissue structures or 
blood. Alternatively or in addition, the guidance system 354 
will allow the surgeon to determine an appropriate target site 
360 on the heart wall to form the channel to avoid accidental 

30 puncturing of relatively large vessels in the heart wall. 

In one embodiment shown in Fig. 16, the instrument 
guidance system 350 includes a fiberoptic viewing cable 356 
within electrosurgical probe 354, and a visible light 
generator 358, such as a laser beam, integral with the probe 

35 for illuminating a target site 360 on the heart wall. Note 

that both light generator 358 and fiberoptic cable 356 may be 
coupled tc an instrument other than probe 354. The fiberoptic 
viewing cable 356 sites the target site 360 illuminated by the 
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visible light generator 358 to locate where the probe 354 will 
bore the hole. This allows the surgeon to avoid puncturing 
larger blood vessels 362 on the heart wall (e.g., coronary 
arteries or veins). Visible light generator 358 may also be 
used to determine when the distal end 364 of probe 354 is 
close to the opposite side of the heart wall, or when the 
probe 354 has completely penetrated through the heart wall 
into the ventricular cavity 258. 

In a second embodiment, the detection system is an 
ultrasound guidance system that transmits sound waves onto the 
heart wall to facilitate canalization of the heart. 

Referring to Figs. 18 and 19, an ultrasound tissue 
thickness measuring system may be incorporated within the 
electrosurgical catheter 100 or guide tube 200 to measure the 
thickness of the heart wall 260 adjacent to the distal probe 
tip 27C and thereby allow the surgeon to pre-set the depth of 
each channel using adjustable stop 352 on handpiece 340 (Fig. 
11) before energizing the electrosurgical catheter 100 and 
ablating the heart tissue. In the embodiment shown in Fig. 
18, an ultrasonic transducer 310 affixed to the distal end of 
guide tube 200 and connected to, an external ultrasonic 
generator and sensing system (not shown) via lead 312, 
transmits pulses of ultrasound into the heart tissue in the 
form of emitted ultrasound signal 314 and the ultrasound 
generator and sensing system measures the delay time for 
reflected ultrasound signal 316 to return from the boundary of 
the heart wall at the surface of epicardium 268. This delay 
time can be translated into a thickness of the entire heart 
wall and allow the surgeon to adjust the maximum travel 
distance of electrosurgical catheter 100 using mechanical stop 
352 (Fig. 11) to prevent the length of channel 264 from 
extending through the outer surface of the epicardium 268. 
The surgeon can choose to stop the canalization of the heart 
at any selected distance of the epicardium which may typically 
be in the range from about 1 nun to 10 mm. 

A third embodiment is shown in Fig. 19 wherein an 
ultrasonic transducer 310 is affixed to the distal end of 
electrosurgical catheter 100 and connected to an external 



WO 97/18768 



PCT/US96/18651 



41 

ultrasonic generator and sensing system (not shown) via leads 
312, and transmits pulses of ultrasound into the heart tissue 
in the form of emitted ultrasound signal 314. The ultrasound 
generator and sensing system measures the delay time for 
reflected ultrasound signal 316 to return from the boundary of 
the heart wall at the surface of epicardium 268. This 
measured delay time can be translated into the distance 
between the distal tip 270 of electrosurgical catheter 100 and 
the surface of the epicardium 268. In this arrangement, the 
surgeon can observe where the channel 264 reaches the 
preferred distance from the epicardium 268 and interrupt the 
application of power and advancement of electrosurgical 
catheter 100. Alternatively, the preferred minimum thickness 
of the uncanalized heart wall 260 (i.e., the minimum distance 
from the bottom of channel 264 to the surface of the 
epicardium 268) can be preselected by the surgeon. When this 
distance is reached based on the thickness of the uncanalized 
heart wall measured using the ultrasonic generator and sensor 
system (now shown) , the ultrasonic generator and sensor system 
provides an electrical signal to the power source for the 
electrosurgical catheter 100 to interrupt the applied voltage, 
thereby ending the canalization process and limiting the depth 
of channel formed. In this manner, the surgeon may hear an 
audible tone and will "feel" the catheter advancement stop at 
the moment the applied voltage is interrupted. 

A fourth embodiment is shown in Fig. 20 in which 
electrosurgical catheter 100 includes a small diameter tissue 
electrical impedance measurement sensor 319 which extends 
distal to the tissue ablating electrode array 270 by a 
distance L 6 . The impedance measurement sensor 319 detects the 
outer surface of the epicardium 268 as it enters a region of 
different electrical impedance (viz, the fluid-filled cavity 
surrounding the heart) . In the present embodiment, sensor tip 
320 may include a first impedance measurement electrode 321 
and a second impedance measurement electrode 323. A small, 
high-frequency potential is applied between first and second 
impedance measurement electrodes 321 and 323 causing current 
flow between first and second impedance measurement electrodes 
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321 and 323 as indicated by current flux lines 322. As the 
first and second electrodes 321 and 323 emerge from the 
epicardium 268 into cavity 318 surrounding the heart, the 
change in the electrical impedance is measured and may be 
indicated by an audible signal and/or may be used as a direct 
feedback control signal to interrupt the application of 
voltage to the electrosurgical catheter 100 by generator 28 
(Fig. 1). By this method, the forward advancement of the 
electrosurgical catheter 100 can be limited to a preselected 
distance L 6 between the bottom of channel 264 and the surface 
of the epicardium 268. 

In a fifth embodiment shown in Fig. 13, the guidance 
system utilizes impedance measurement circuitry integrated 
with the ablating electrodes 110 to detect when the 
electrosurgical catheter probe 100 is adjacent blood vessels 
and/or the outer or inner boundaries of the heart wall. 
Specifically, the current limiting circuitry includes a number 
of impedance monitors coupled to each electrode terminal to 
determine the impedance between the individual electrode 
terminal 110 and the return of common electrode 102. Thus, 
for example, if the measured impedance suddenly decreases at 
electrode terminals 110 at the tip of the probe 100, the 
applied voltage will be interrupted to avoid power delivery to 
blood filled ventricular cavity 258 of the heart, thereby 
avoiding formation of a thrombus or damage to other tissue 
structures within the ventricular cavity 258. 

Fig. 17 illustrates a method for implanting a 
luminal prosthesis, such as a stent or stent-graft 370, into 
the artificial channels 264 formed by one of the 
electrosurgical probes or catheters of the present invention 
to maintain the patency of these channels 264. The stents 370 
are usually compressed into a narrow-diameter configuration 
(not shown), and advanced endoluminally to one of the 
artificial channels 264 in the heart wall with a conventional 
or specialized delivery catheter (net shown). Alternatively, 
the electrosurgical probe may be designed to delivery and 
implant the stents 370 at the target site. The stents 370 
will typically comprise a resilient, radially compressible, 
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tubular frame 372 having a proximal end 374, a distal end 376, 
and an axial lumen 380 therebetween. The tubular frame 372 
includes a plurality of openings or slots (not shown) that 
allow it to be expanded radially outward into the enlarged 
configuration shown in Fig. 17 by conventional methods, such 
as shape memory alloys, expandable balloons, and the like. 
The stent 370 exerts a radial force against the inner channel 
walls 382 to maintain lumen patency and/or mechanically 
augment luminal wall strength, thereby maintaining the blood 
flow from the ventricular cavity to the myocardium. The stent 
370 may also include a graft or liner 384 for inhibiting cell 
proliferation and occlusion through the openings and slots of 
frame 372. 

In a first embodiment shown in Fig. 17, the stent 
370 is introduced into the artificial channel 264 during a 
percutaneous procedure as illustrated in Fig. 11. in this 
embodiment, the length of each channel 264 and hence the 
length of each stent 370 extends only partially through the 
entire thickness of heart wall 260. 

In a second embodiment shown in Fig. 22, the stent 
is introduced into the artificial channel 264 during a 
thoracoscopic procedure as illustrated in Fig. 12. In this 
embodiment, the length of each artificial channel 264 extends 
completely through the heart wall 260 to allow the blood 
within the ventricular cavity 258 to circulate within the 
majority of the length of the artificial channel 264. 
However, in this embodiment, the stent 370 is placed in the 
distal portion of the artificial channel 264 as shown in Fig. 
22 extending to the endocardium 266 to maintain patency of the 
artificial channel 264 over length L 7 of heart wall 260. 
Following insertion and deployment of stent 370, the proximal 
portion of artificial channel 264 may be sealed using collagen 
hemostasis device 480, or the like, as described hereinbefore 
related to Fig. 21 using a cannula 484 and syringe-like 
delivery system 486 as shown in Fig. 21. The collagen 
hemostasia device 480 attracts and activates platelets from 
the blood 462, rapidly forming a "glue"-like plug near the 
surface of the epicardium 263 of the newly formed artificial 



WO 97/1 8768 PCI7LS96/1 865 1 

44 

channel 264. Alternatively, a collagen hemostasis device may 
be deployed through a central lumen 59 integral with the 
electrosurgical probe or catheter as illustrated in Fig. 2A. 
The collagen hemostasis device can be compressed to fit within 
a lumen 59 whose diameter is smaller than that of the 
artificial channel 264. When ejected form the confining lumen 
59, the collagen hemostasis device 480 expands to fill the 
full diameter of the artificial channel 264 over length L 8 as 
shown in Fig. 22. Also, such a system for the deployment of a 
collagen hemostasis device 480 or the like may be integrated 
with the electrosurgical catheter 100 used for the 
percutaneous canalization of artificial channels 264 according 
to method illustrated in Fig. 11. Referring to Figs. 2A, 11 
and 22, in a percutaneous approach using this sealing method, 
the artificial channel 264 would be formed through the entire 
thickness of the heart wall 260. Once the surface of the 
epicardium 268 is penetrated, the position of the tip 202 of 
the electrosurgical catheter 100 is retracted a distance L e . 
Next, a collagen hemostasis device 480 or the like is deployed 
from the central lumen 59 of electrosurgical catheter 100. 
When ejected from the confining lumen 59, collagen hemostasis 
device 480 expands to fill the full diameter of the artificial 
channel 264 over length L 8 as shown in Fig. 22 to effect a 
seal to prevent blood loss through the opening in the 
epicardium 268. Alternatively, suturing techniques may be 
employed, either percutaneously, thoracoscopically or in an 
open chest procedure to seal the opening of the artificial 
channels at the surface of the epicardium .268 . 

The stent frame 372 of the present invention is 
typically manufactured from a tubular material, such as tubing 
made out of shape memory alloy having elastic or pseudo- 
elastic properties, such as Nitinol™, Elgiloy"', or the like. 
Alternatively, the stent frame may comprise malleable 
materials other than shape memory alloys, such as stainless 
steel. In this configuration, the stent frames will 
preferably be expanded at the target site by conventional 
methods, e.g., an expandable balloon at the distal end of a 
catheter shaft. The tubular member is usually significantly 
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smaller in diameter as compared to the final diameter of the 
stent in the expanded configuration within the body lumen. 
Slots may be cut into the tubes via laser cutting methods, 
photo etching, or other conventional methods to form the 
separate stent frames. For example, these methods include 
coating the external surface of a tube with photoresist 
material, optically exposing the etch pattern using a laser 
beam while translating and rotating the part, and then 
chemically etching the desired slot pattern of the state using 
conventional techniques. A description of this technique can 
be found in U.S. Patent No. 5,421,955 to Lau, the complete 
disclosure which is incorporated herein by reference. In 
other methods, laser cutting technology is used in conjunction 
with computer controlled stages to directly cut a pattern of 
slots in the wall of the hypodermic tubing to obtain the 
desired stent geometry. A description of a typical laser 
cutting method is disclosed in U.S. Patent No. 5,345,057 to 
Muller, the complete disclosure of which is incorporated 
herein by reference. 

In an exemplary configuration, the stent frame 372 
is formed from a resilient shape memory alloy material that is 
capable of being deformed by an applied stress, and then 
recovering to its original unstressed shape. The alloy 
material will usually exhibit thermoelastic behavior so that 
the stents will transform to the original unstressed state 
upon the application of heat (i.e., an A f temperature below 
body temperature) . The stents may also exhibit stress-induced 
martensite, in which the martensite state is unstable and the 
prosthesis transforms back to the original state when a 
constraint has been moved (i.e., when the stent is released 
from an introducing catheter within a body lumen) . The 
material for the shape memory alloy will be selected according 
to the characteristics desired of the population of 
prostheses. Preferably, the shape memory alloy will comprise 
a nickel titanium based alloy (i.e., Nitinoi™) , which may 
include additional elements which affect the characteristics 
of the prosthesis, such as the temperature at which the shape 
transformation occurs. For example, the alloy may incorporate 
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additional metallic elements, such as copper, cobalt, 
vanadium, chromium, iron or the like. 

It should be noted that the stents 370 described 
above and shown in Figs. 17 and 22 are only representative of 
the lumenal prostheses that may be used with the present 
invention. The present invention may incorporate a variety of 
representative conventional stent structures made from 
metallic tubular materials that are currently marketed as 
implants for coronary, peripheral, biliary and other vessels 
including the Paimaz-Schatz™ balloon expandable stent, 
manufactured by Johnson and Johnson Interventional Systems, 
Co. and the Memotherm™ stent manufactured by Angiomed, a 
division of C.R. Bard, Inc. Other stent or graft designs that 
can be incorporated into the present invention include a 
coiled structure, such as that described in U.S. Patent No. 
5,476,505 to Limon, an open mesh or weave stent structure 
formed of helically wound and/or braided strands or filaments 
of a resilient material, described in U.S. Patent No. 
5,201,757 to Heyn, a filament knitted into a mesh cylinder, 
described in U.S. Patent No. 5,234,457 to Andersen, a tubular 
structure having diamond shaped openings, described in U.S 
Patent Nos. 5,242,399 to Lau or U.S. Patent No. 5,382,261 to 
Paimaz, Z-shaped stents as described in U.S. Patent No. 
5,282,824 to Gianturco, continuous wire stents, such as the 
one described in U.S. Patent No. 5,292,331 to Boneau, stents 
formed of filaments that are wound into spiral or other 
suitable shapes as described in U.S. Patent No. 5,314,471 to 
Fountaine, a continuous helix of zig-zag wire and loops 
described in U.S. Patent No. 5,405,377 to Cragg and a variety 
of other types of stents. 
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1 1. A method of revascularizing a portion of a 

2 patient's myocardium comprising: 

3 positioning an active electrode surface in close 

4 proximity to a target site on a wall of the patient's heart; 

5 and 

6 applying high frequency voltage between the active 

7 electrode surface and a return electrode to ablate tissue at 

8 the heart wall and to form a revascularizing channel through 

9 at least a portion of the heart wall. 

1 2. The method of claim. 1 further comprising 

2 axially translating the active electrode surface through a 

3 portion of the heart wall to form the revascularizing channel. 

1 3. The method of claim 1 further comprising: 

2 introducing at least a distal end of an 

3 electrosurgical catheter into the ventricle of the heart; and 

4 positioning the distal end of the catheter in close 

5 proximity to the endocardium. 

1 4. The method of claim 1 further comprising: 

2 introducing at least a distal end of an 

3 electrosurgical probe through an opening in the patient's 

4 chest cavity; and 

5 positioning the distal end of the probe in close 

6 proximity to the epicardium. 

1 5. The method of claim 4 wherein the probe is 

2 introduced through an intercostal penetration in the patient. 

1 6. The method of claim 1 wherein the voltage is 

2 applied continuously between the active and return electrodes. 
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7. The method of claim 1 wherein the voltage is 
applied in pulses to correspond to beating of the patient's 
heart . 



8. The method of claim* 1 wherein the active 
electrode comprises an electrode array including a plurality 
of isolated electrode terminals. 

9. The method of claim 1 wherein the active 
electrode comprises a single electrode protruding from a 
distal end of an electrosurgical probe. 

10. The method of claim 8 further including 
independently controlling current flow from at least two of 
the electrode terminals based on impedance between the 
electrode terminal and the return electrode. 

11. The method of claim 1 further comprising 
forming a revascularizing channel with a lateral dimension of 
about 1.5 to 3.0 mm. 

12. The method of claim 1 further comprising 
positioning a radially expandable lumenal prosthesis in the 
revascularizing channel to maintain patency of the channel. 

13. The method of claim 1 wherein the channel 
formed by the active electrode surface is curved. 

14. The method of claim 13 wherein the channel 
formed by the active electrode surface has first and second 
openings on one side of the heart wall, and a substantially U- 
shape therebetween. 

15. The method of claim 8 wherein the electrode 
terminals are embedded in an insulating matrix to electrically 
isolate each terminal, the insulating matrix comprising an 
inorganic material. 
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1 16. The method of claim 8 wherein the return 

2 electrode is proximally recessed from the active electrode 

3 terminals. 

1 17. The method of claim 9 wherein the return 

2 electrode and the active electrode terminals are disposed on a 

3 distal surface of an electrosurgical probe. 

1 18. The method of claim 1 further comprising 

2 controlling the depth of the revascularizing channel. 

1 19. The method of claim 18 further comprising 

2 visually marking the target site on the heart wall. 

1 20. The method of claim 18 further comprising 

2 determining a thickness of the heart wall at the target site; 

1 21. The method of claim 18 further comprising 

2 setting a predetermined distance through the heart wall at the 

3 target site and interrupting the flow of voltage to the active 

4 electrode surface when said active electrode surface has 

5 advanced the predetermined distance to control the depth of 

6 the channel. 

1 22. The method of claim 20 wherein the determining 

2 step comprises measuring tissue impedance beyond the distal 

3 end of the active electrode surface. 

1 23. The method of claim 1 further comprising the 

2 step of determining when the active electrode surface has 

3 substantially penetrated through the heart wall. 

1 24. The method of claim 23 further comprising 

2 terminating the high frequency voltage before the active 

3 electrode surface pierces an opposite wall surface of the 

4 heart wall. 
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25. A method of transmyocardial revascularization 
of the heart of a patient comprising: 

positioning a distal end cf a probe in close 
proximity to a target site on a wall of the patient's heart; 
and 

applying energy to the heart wall to ablate tissue 
at the heart wall while axially translating the distal end of 
the probe through at least a portion of the heart wall to form 
revascularizing channel through the heart wall. 

26. The method of claim 25 wherein the probe is 
axially translated through at least a portion of the heart 
wall at a substantially constant rate. 

27. The method of claim 25 further comprising means 
for automatically translating the probe through a substantial 
portion of the heart wall. 



28. A method of transmyocardial revascularization 
of the heart of a patient comprising: 

forming a revascularizing channel through a portion 
of the heart wall; and 

positioning a radially expandable lumenal prosthesis 
within the revascularizing channel to maintain patency of the 
channel . 



29. The method of claim 28 wherein the forming step 
is carried out by: 

positioning an active electrode surface in close 
proximity to a target site on a wall of the patient's heart; 
and 

applying high frequency voltage between the active 
electrode surface and a return electrode to ablate tissue at 
the heart wall and to form a revascularizing channel through 
at least a portion of the heart wall. 

30. The method of claim 29 wherein the positioning 
step comprises endoluminally delivering a tubular stent to the 
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3 revascularizing channel and radially, expanding the tubular 

4 stent against the walls of said channel to maintain lumen 

5 patency. 

1 31. The method of claim 30 wherein the radially 

2 expanding step comprises expanding a balloon within an axial 

3 lumen of the stent to radially expand a tubular frame of the 

4 stent. 

1 32. The method of claim 30 wherein the radially 

2 expanding step comprises compressing the stent frame into a 

3 radially compressed configuration, and allowing the stenr 

4 frame to recover to an expanded configuration within the 

5 revascularizing channel. 

1 33. The method of claim 32 wherein the allowing 

2 step is carried out by the application of heat from the 

3 patient* s body. 

1 34 . An electrosurgical device for transmyocardial 

2 revascularization of a patient's heart tissue, the device 

3 comprising: 

4 an instrument shaft having a proximal and distal end 

5 portions, the distal end portion being sized for delivery 

6 through a small revascularizing channel in the patient's 

7 heart; 

8 one or more active electrodes disposed on the distal 

9 end portion; 

10 a return electrode disposed on the shaft close to 

11 the active electrodes; and 

12 a connector disposed near the proximal end portion 

13 of the shaft for electrically coupling the active and return 

14 electrodes to a high frequency voltage source to ablate tissue 

15 at the heart wall and to form a revascularizing channel 

16 through at least a portion of the heart wall. 
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35. The device of claim 34 wherein the shaft is a 
catheter shaft configured for endoluminal delivery into the 
patient's ventricular cavity. 

36. The device of claim 34 wherein the shaft is a 
probe shaft configured for intercostal delivery into the 
thoracic cavity. 

37. The device of claim 35 further comprising an 
electrode array disposed at the distal end of the shaft and 
including a plurality of isolated electrode terminals, wherein 
current flow from at least two of the electrode terminals i- 
independently controlled based on impedance between the 
electrode terminal and the return electrode. 



LS 

ie 



38. The device of claim 34 wherein the maximum 
lateral dimension of the distal end portion of the shaft is 
less than about 1.0 mm. 

39. The device of claim 34 wherein the maximum 
lateral dimension of the distal end portion of the shaft is 
less than about 2.0 mm. 

40. The device of claim 34 wherein the electrode 
terminals are embedded in an insulating matrix to electrically 
isolate each terminal, the insulating matrix comprising an 
inorganic material. 

41. The device of claim 34 wherein the return 
electrode is proximally recessed from the active electrode 
terminals . 

42. The device of claim 34 wherein the return 
electrode and the active electrode terminals are disoosed on 
a distal surface of the shaft. 
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1 43. The device of claim 34 further comprising an 

2 array of return electrodes on a distal surface of the shaft 

3 and having an opposite polarity from the active electrodes. 

1 44. The device of claim 34 wherein the distal end 

2 of the shaft has a conical surface, the electrode terminals 

3 extending axially from the conical surface. 

1 45, The device of claim 34 further comprising a 

2 guide catheter having a flexible steerable shaft for 

3 delivering the instrument shaft through a percutaneous 

4 penetration into the ventricular cavity. 

1 46. The device of claim 34 further comprising a 

2 plurality of impedance monitors coupled to the electrode 

3 terminals for determining impedance between each individual 

4 electrode terminal and the return electrode. 

1 47. A system for transmyocardial revascularization 

2 of the heart of a patient comprising: 

3 an electrosurgical instrument .having a shaft with 

4 proximal and distal ends, one or more active electrodes 

5 disposed near the distal end of the shaft and a connector 

6 disposed near the proximal end of the shaft for electrically 

7 coupling the electrodes to a high frequency voltage source; 

8 a return electrode positioned hear the active 

9 electrodes for; 

10 a connector disposed near the proximal end of the 

11 shaft for electrically coupling the active and return 

12 electrodes to a high frequency voltage source to ablate tissue 

13 at the heart wall and to form one or more revascularizing 

14 channels through at least a portion of the heart wall; and 

15 a delivery mechanism for implanting one or more 

16 lurr.enal prosthesis into the revascularizing channels formed by 

17 the electrosurgical instrument. 



1 48. The system of claim 47 wherein the delivery 

2 mechanism is integral with the instrument shaft. 
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49. The system of claim 47 further comprising a 
delivery catheter separate from the electrosurgical probe for 
endoluminally delivering and implanting the lumenal prostheses 
within the revascularizing channels. 

50. The system of claim 47 further comprising means 
for radially expanding the lumenal prostheses to engage the 
inner walls of the revascularizing channels to maintain lumen 
patency . 

51. The system of claim 50 wherein the radially 
expanding means comprises an expandable member configured for 
positioning within an axial lumen of the prostheses. 

52. The system of claim 50 wherein the lumenal 
prostheses comprise shape memory alloy material having an A. 
temperature below body temperature. 
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